In this letter, we introduce a metamaterial-inspired sensor that is capable of performing combined inductive-capacitive sensing, so that both detection and discrimination between metallic and dielectric objects are accomplished. Metals and dielectrics are distinguished based on their different responses to inductive and capacitive sensing. Both sensing modes are integrated into a single sensing unit, which is developed from an Omega-shaped metamaterial structure. Inductive and capacitive sensing are simultaneously realized when the sensor is operated at off-resonant frequencies. The proposed sensor is fabricated and experimented with metallic and dielectric objects. The measurement results demonstrate the proposed sensor's ability of conducting combined sensing with a range of 10 mm. The performance of proposed sensor is competitive among industrial state of-the-art proximity sensors, yet with added functionality of differentiating metallic and dielectric objects.
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Proximity sensing techniques have been developed for many years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Nowadays, owing to the great significance to many industrial applications, there tends to be a great demand on not only sensing the approaching of the objects, but also discriminating between metals and dielectrics. For instance, an automatic drilling machine uses such sensors for intelligently detecting and distinguishing metallic and nonmetallic parts so as to avoid unexpected damages of the drilling bits. Also, next generation car intelligence wants to know whether a man or some other type of cargo is on the car seat so that the passengers can be better protected. Moreover, robots and bio-sensing are also potential applications. Therefore, it is desirable for proximity sensors to incorporate the new function to distinguish metals and dielectrics.
Neither conventional capacitive or inductive sensing technique can realize the differentiation by itself. Thanks to the peculiar conductive property of a metallic object, it induces both inductive and capacitive sensing, whereas a dielectric object responses only to the capacitive sensing. It is, thus, possible to sense and distinguish the two types of materials with the combined inductive-capacitive sensing technique. By simply combining the two inductive and capacitive sensor devices together, metal and dielectric can be distinguished 3, 13 . However, it requires twice area as a single inductive or capacitive sensor. Alternating even and odd modes to excite a coil has been reported for integrating inductive and capacitive sensors 4 . Nevertheless, the proposed method needs two sets of coils, one for excitation and the other for signal reception. Besides, frequently switching for excitation and detection system is required to work on the two different modes, which still complicates the detection circuitry. Therefore, a type of sensor that combines inductive and capacitive sensing with compactness and simplicity is needed.
This letter introduces a combined inductive-capacitive sensor inspired by metamaterial (MTM) sensors [5] [6] [7] [8] To demonstrate the proposed combined sensing, an Ω-shaped unit cell structure is initially adopted 14, 15 as the sensor, as illustrated in Fig. 1 . It is easy to understand that its circuitry equivalence is a shunt LC resonance, where L stems from the long arc-shape ring (the red part of the structure), and C comes from the two horizontally placed short bars (the blue parts). The input admittance can be expressed as
so the reflection coefficient of the single-port network is
and thus, its phase (in degrees) is expressed as
From Eq. 3, it can be seen that ϕ is reversely proportional to C and L but with different coefficients, so their contributions to ϕ are different. When a metallic object gets close to the sensor, increase in C (due to the material polarization) and decrease in L (due to the induced eddy currents) occur. By contrast, if the object is dielectric, only the increase in C can be found, because no eddy currents are induced. Consequently, different types of objects have unequal impacts to Y in and ϕ. If only the change in the resonant frequency of the input admittance Y in is monitored, as what is usually measured in the conventional MTM sensors [5] [6] [7] [8] , it can only detect the proximity of the objects, but fails in distinguishing the type of the targets. By contrast, if Y in at two frequencies are measured, then the contributions from C and L are clear, which enables us to discriminate between metallic and dielectric approaching objects. Therefore, by capturing the changes in ϕ of the Ω-shaped sensor at two frequencies, the approaching metal or dielectric can be detected and distinguished. Identifying the inductive and capacitive contributions of a resonant structure is helpful, as it not only explains the principle of the combined sensing technique, but also is essential to manipulating the operating frequency and the geometry of the sensor. In practice, different resonant structures can be developed based on the MTM unit cells by modifying the geometrical designs, so that desired resonant frequency is achieved while the physical size and shape of the sensor are maintained. Fig. 2 shows how the sensing structure is developed from an initial Ω-shaped structure. The arc-shape inductive part can be replaced with spiral structure, so that the inductance is increased and the resultant resonant frequency is decreased. The two short bars in the Ω-shaped structure, which form the capacitor, are extended in order to increase the capacitance. As the two parts contribute to inductance and capacitance respectively, they can be modified separately and arranged in a manner based on the geometrical requirements of the sensing application. As an example, we designed a sensing structure as shown in Fig. 2(d Fig. 3(a) shows the simulation model with COMSOL Multiphyics with the sensor structure build in the middle of a spherical domain confined by a perfect matching layer. The sensor is built on an 1.6-mm-thick FR4 substrate (ϵ r = 4.5) with geometry depicted in Fig. 2(d) . The electric and magnetic fields distribution around the sensing structure is simulated at 100 MHz (below resonance) and 500 MHz (above resonance), and shown in Fig. 3(b) to (e), respectively. The magnetic field at 100 MHz (Fig. 3(c) ) is significantly higher around the spiral structure, indicating the structure is inductive. Whereas at 500 MHz, the electric field distribution (Fig. 3(d) ) is more concentrated on the patches, indicating a capacitive feature. The simulation result confirms our theoretical predictions.
The sensor was fabricated using standard printed circuit board technology, which is shown in Fig. 4(a)-(c) . Three types of structures are fabricated: (a) with both inductive and capacitive components; (b) with only inductive component; (c) with only capacitive component. To identify the inductive and capacitive properties for each parts, the samples shown in Fig. 4(b) and (c) are measured and modeled with lumped elements, respectively. Once again, it shows the functionalities of the inductive and capacitive components, as indicated in the simulation (Fig. 3) . The effective inductance and capacitance are extracted from the measurements and the lumped circuit models are built. These parameters are then used to build a circuit model for the entire combined sensor as illustrated in the inset of Fig. 4(d) . The phase of the reflection coefficient for the circuit model, the measured entire sensor sample, and the EM simulation are compared in Fig. 4(d) . The matched results verify our theory and EM simulation, implying that the resonant structure can be regarded as the combination of the two individual inductive and capacitive parts, which can perform inductive and capacitive sensing. From Fig. 4(d) , we can also see that the resonant frequency is about 190 MHz, where the reflected phase crosses zero. Therefore, in order to realize combined sensing, two frequencies, one below 190 MHz, and another above it, are needed for measurement. In the following measurements, 100 MHz and 500 MHz are used. Fig . 5 shows the experiment setup. Aluminum and wood blocks (relative permittivity ϵ r ≈ 2, loss tangent tan δ ≈ 0.02) are used as target objects to test the performance of sensors, placed in parallel to the sensor's surface with varying distance from 2 to 20 mm. The phases of S 11 at around 100 MHz and 500 MHz were measured with a vector network analyzer (VNA, Agilent N5230A) connected to the sensor. The measured results are summarized in Fig. 6 . Fig. 6 (a) and (b) exhibit the phase of S 11 versus frequency in a small bandwidth for the cases of the object with different distances to the sensor. Specifically, Fig. 6(a) corresponds to the phase change near 100 MHz due to the slab of aluminum, whereas Fig. 6(b) is the results centered at 500 MHz for the proximity of the wood object. Clear phase shifts can be identified when the object approaches within 20 mm, and the closer the object is the more phase shift is observed. The phases around 100 MHz for wood and 500 MHz for the metal are not presented because they are not of interest. To further show the relationship between the distance of the wood or aluminum object, the phase of S 11 at two frequency points, 100 and 500 MHz, versus the distance due to different material approaching are plotted in Fig. 6 (c) and (d), respectively. They show that at low frequency the sensor is inductive, only metal induces change of S 11 ; the sensor does not response to dielectric materials (see Fig. 6(c) ). By contrast, capacitive sensing occurs at 500 MHz, so the sensor responses to both wood and aluminum as discussed above. This clearly demonstrates the ability of sensing and distinguishing between metallic and nonmetallic objects. In addition, as can be seen from Fig. 6(c • change due to capacitive sensing. For both sensing modes, the sensitivity of the phase change to the distance decreases as distance increases. If the minimum detectable phase change is 0.1
•16 , then the maximum sensing range of the combined sensor for both types of objects is at least 10 mm. It should be noted that the sensitivity of the phase change is determined by the ratio of the capacitance change due to the proximity of the dielectric object to the intrinsic capacitance of the sensor, which can be further improved by optimizing sensor design with lower intrinsic capacitance.
The performance of the proposed sensor is compared with the state-of-art capacitive and inductive proximity sensors. The specifications of major products including nominal sensing range S n and dimensions are obtained from data sheets [17] [18] [19] [20] . The actual sensing range is adjusted by a correction factor for specific materials (i.e., wood and aluminum) 9, 10 . The dimension D ef f is corrected as the geometric mean of the two dimensions of the sensing plane. As the sensing range is generally proportional to the dimension 11, 12 , we chose the ratio of sensing range to sensor dimension, S n /D ef f , as a figure-of-merit (FOM) for performance comparison. The FOM of the proposed sensor and all referred commercially available industrial sensors are presented in Fig. 7 , from which it can be seen that the proposed combined sensor has a sensing range comparable to existing inductive and capacitive sensors, and has the additional capability of distinguishing metallic and dielectric objects. In summary, this paper reports a MTM-inspired combined inductive-capacitive sensing method for detecting and distinguishing metallic and non-metallic objects. Metallic and dielectric objects can be distinguished by measuring both of their inductive and capacitive responses based on the fact that they respond differently to inductive and capacitive sensing. Both inductive and capacitive sensing are simultaneously realized when the sensor is operating at off-resonant frequencies. The proposed method is demonstrated with typical printed circuit board technology. The designed sensor can distinguish the metallic and dielectric objects with a sensing range about 10 mm, showing a competitive performance compared with commercially available industrial proximity sensors.
